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Abstract
This investigation deals with the problem of identifying the mechanical behaviour of rubbers from compression tests, per-
formed on specimens having unfavorable geometry. A typical situation is that of flat specimens obtained from high-friction 
sports surfaces. To this purpose, experimental tests were conducted, aimed at measuring friction under various conditions 
and evaluating its effect on the compressive behavior of different rubber samples. The experimental results have been inter-
preted in view of an existing analytical model proposed by Gent and coworkers. The method was shown to be valid within a 
relatively broad range of conditions (in terms of materials, lubrication and aspect ratio). Its application allowed the creation 
of virtual “frictionless” curves, by rescaling experimental data for the stiffening factor predicted by Gent model. These curves 
represent more closely the intrinsic material behaviour, removing the large frictional contribution present in the experimental 
tests, and can be used as a more reliable input for numerical simulations.
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1  Introduction and aim of the work

Synthetic sports surfaces represent the de facto standard 
for high-level athletics competitions worldwide. These 
polymeric systems offer several advantages over unbound 
mineral surfaces and natural grass, providing an optimal 
combination of superior dynamic characteristics and mini-
mal maintenance. Two main families of synthetic surfaces 
are allowed by existing regulations, set by World Athletics: 
prefabricated sheets and in-situ systems [1]. While many 
surfacing products belonging to both categories are avail-
able, prefabricated surfaces are frequently selected in major 
international athletics events, including all the Olympic 
Games held since Montreal 1976. These systems are typi-
cally constituted of two calendered, co-vulcanized layers 
of different rubber compounds. The top one is responsible 

for the aesthetics, the frictional behavior and wear/environ-
mental resistance. The bottom one, whose characteristics 
govern the dynamic behavior of the track, affects instead the 
safety and performance of the athletes [2–8]. The production 
process of prefabricated tracks allows the introduction of 
honeycomb patterns or similar geometries to further enhance 
surface properties of a given material [9, 10].

Numerical modelling has been proposed [11–17] as a tool 
for optimizing the many variables defining the characteris-
tics of sports surfaces: composition, relative thickness of the 
two layers and geometrical features. Such models are typi-
cally based on the approaches which have been successfully 
employed for this class of polymeric materials (rubber) in 
many different application fields [18–23].

So far, the most effective description of the dynamic 
behaviour of athletics tracks has been provided by a 3D finite 
element model, based on a visco-hyperelastic law to describe 
the constitutive behavior of the track material [24, 25]. An 
experimental protocol based on quasi-static compression 
testing was adopted to identify material parameters. Model 
predictions were validated against data from impact tests, 
performed on a conventional drop tower, as well as force 
reduction tests, conducted using an artificial athlete accord-
ing to EN 14808:2005 [26]. A satisfying level of agreement 
between the experiments and numerical predictions was 
reported, with errors in the estimation of force reduction 
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well within 10%. The model was then put to use to estab-
lish useful correlations between the dynamic response of 
the track and parameters of possible biomechanical interest 
[27]. Also, a preliminary exploration of the sensitivity of the 
surface dynamic characteristics to the dimensional features 
of the track geometrical pattern was conducted [10].

While viscoelasticity had been originally addressed in 
the first experimental studies on this matter [8, 14, 29], later 
studies demonstrated that the dynamic behavior of sports 
surfaces could be well described even by purely elastic 
models [11, 12, 15, 30]. This assumption is justified since 
any viscoelastic dissipation occurring within the material is 
captured during the experimental procedure which leads to 
the identification of the constitutive parameters, which are 
inherently altered to become fictitious, effective ones. Pro-
vided that the correct stretch rate is considered [10, 24], this 
approach works nicely during monotonic loading; however, 
once the load is removed, an even greater error occurs as 
the material further dissipates energy during the unloading 
phase. This error in the prediction of energy return charac-
teristics limits the ability of the model to guide the optimiza-
tion of the sports surfaces in terms of the final performance 
of the athlete.

To improve the overall accuracy, a model must explicitly 
include viscoelasticity. In the work of Andena et al. [31], 
an uncoupled model in which a Prony viscoelastic func-
tion modulates the time-response of the hyperelastic part 
was proposed. It provided a more accurate response during 
unloading [32], although a divergence between numerical 
predictions and experimental results was still reported.

Preliminary tests reported in [33] suggested that the 
origin of the error could be ascribed to the contribution of 
friction during compressive testing. Its influence could not 
be suppressed even when using proper lubrication between 
material samples and test plates. The present investigation 
deals with this effect of friction, which was investigated to 
identify a more robust experimental and modelling pro-
cedure and further increase the accuracy of the proposed 
framework. To this purpose, a series of experimental tests 
was conducted, aimed at measuring friction under vari-
ous conditions and evaluating its effect on the compressive 
behavior of different rubber samples. The experimental 
activity has been supported by existing analytical models, 
detailed in the Theoretical background section.

2  Materials

Samples were supplied by MONDO SpA, Alba (CN, 
Italy) as 3 mm thick sheets. They were obtained by mold-
ing and vulcanizing in the company’s laboratory three 
rubber compounds, based on different blends of natu-
ral rubber (NR), styrene-butadiene rubber (SBR) and 

ethylene-propylene-diene monomer rubber (EPDM). Their 
composition, while not exactly coincident with the formu-
lation used for any existing commercial product, is within 
the range used for actual track materials: 6–15 wt% for NR 
and EPDM, and 20–30 wt% for SBR. The remaining weight 
fraction includes organic (wood flour, cellulose fibers) or 
inorganic (mainly talcum, calcium carbonate, silica, carbon 
black, kaolin, aluminum trioxide, magnesium dioxide) fill-
ers, or a combination of both. Real tracks typically display 
an embossing on the top layer (to guarantee traction and 
water drainage) and a honeycomb pattern (hexagonal or 
square) at the bottom, to improve cushioning. Conversely, 
our lab sheets were plain, with a smooth surface and uni-
form thickness. The processing conditions selected for their 
preparation (with a vulcanization temperature of 170 °C held 
for 10 min.) mimic those experienced by the same com-
pounds during production of the tracks. Some differences 
still remain, especially in terms of the final density obtained. 
The material in the tracks undergoes a certain level of expan-
sion which determines an important degree of porosity in the 
final product (25–30%, according to the analysis reported in 
reference [31]).

The need to keep the sheet processing conditions as close 
as possible to those of real tracks prevented the production 
of samples having higher thicknesses, with a more conveni-
ent aspect ratio for compressive testing. Moreover, such 
unfavorable aspect ratio is inevitable when dealing with 
samples obtained from actual tracks. While the track thick-
ness is typically limited (usually between 10 and 15 mm), 
in-plane dimensions should be large enough to include a 
sufficient number of cells (given by the honeycomb pattern) 
to represent the sport surface as a whole.

Three different materials were investigated during this 
study, whose formulation is close to the typical ones used in 
either top (F3 and F4) or bottom (B3) layers.1

Table 1 reports the material list, together with density 
measured by weighting 27 samples of known volume for 
each material on an AS 310.R2 Radwag balance, with a 
0.1 mg resolution.

Table 1  Materials investigated during the present study

Mean and standard deviation values out of 27 samples are reported

Top layers Bottom Layer

Material Density (kg/m3) Material Density (kg/m3)

F3 1386 ± 11 B3 1274 ± 19
F4 1304 ± 14

1 The nomenclature was chosen to avoid any confusion with the 
materials F1, F2, B1 and B2, reported in reference 33. These materi-
als differ from the previously investigated ones.
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3  Experimental methods

Compressive and friction tests were performed on the 
selected materials. For both methodologies different lubri-
cation conditions were applied, according to Table 2. The 
rubber compounds under study are unaffected by the liquid 
media considered (water and soap), which are typically 
employed for maintenance of these materials in the field.

Environmental conditions were controlled at 23 °C and 
50% RH.

3.1  Friction tests

The coefficient of friction between a steel plate and the 
different rubber samples was measured using a method 
inspired by ASTM D1894 [34]; a sketch of the testing 
setup is shown in Fig. 1.

Square specimens measuring 50 × 50 × 3 mm were die-
cut from the sheets and placed on the polished plate under 
a fixed weight of 12 N. The sliding plate was attached with 
a string via a pulley to the moving crosshead of an Instron 
5967 Universal Testing Machine equipped with a 2 kN 
Instron 2580 loadcell with the K1 high-accuracy option, cal-
ibrated in class 0.5 down to 2 N. Three different speeds were 
used for each material: 1, 10 and 100 mm/min. This interval 
was chosen to be consistent with the range of sliding speeds 
experienced during compression testing (see below) under 
the hypothesis of material incompressibility. Two lubrica-
tion conditions (Water and Soap on steel) were included in 
this study at a later stage and tests were conducted at an 
intermediate speed of 10 mm/min.

Tests were run for a stroke of about 100 mm, except for 
those conducted at 1 mm/min, for which the displacement 
was limited to 40 mm to reduce testing times. For each con-
dition (material/lubrication/speed), at least two replicates 
were performed.

The typical outcome of a friction test is shown in Fig. 2 
for a specimen of material F4, at 100 mm/min and with no 
lubrication applied (dry steel surface). For each specimen, 
a steady-state region was visually identified following the 
initial transient. Within this range, the mean and standard 
deviation of the force reading were calculated to obtain the 
coefficient of friction, μ (μ = mean force/applied normal 
load). Preliminary testing allowed to estimate friction con-
tributions arising from the pulley and wire system as neg-
ligible (less than 1%), compared to the typical force values 
observed during subsequent testing.

Some samples exhibited a stick–slip behavior during the 
first part of the test, especially at high speed and with no 

Table 2  Summary of lubrication conditions applied during the exper-
imental tests

*—tests on lubricated steel surfaces were conducted only at 10 mm/
min

Code Lubricating medium

Steel None (dry steel surface, cleaned before testing)
PTFE Polytetrafluorethylene (PTFE) film with 0.2 mm 

thickness
PTFE + soap Soap + water mixture on PTFE film with 0.2 mm 

thickness
Water* Water on steel surface
Soap* Soap + water on steel surface

Fig. 1  Sketch of the friction 
testing setup
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applied lubrication. In these cases, the averaging was per-
formed on the data acquired after the load was stabilized, 
ensuring that at least 300 data points were considered in the 
calculation. No attempt was made at identifying an accu-
rate value for the static coefficient of friction, a task which 
would require more tests. Besides, steady-state conditions 
are more relevant to those experienced by specimens under-
going quasi-static compression tests at constant crosshead 
speed, as presented below.

3.2  Compression tests

Quasi-static compression tests were performed on an Instron 
1185R5800 Universal Testing Machine equipped with a 
100 kN Instron 2518 loadcell. Circular specimens having a 
diameter of 18 or 25 mm and thickness of 3 mm were die-
cut from the sheets. The five lubrication conditions listed in 
Table 2 were applied between the steel compression plates 
and the top and bottom surfaces of the specimens. The only 
missing combination is the one with no lubricant (dry steel) 
on the 18 mm specimens. In the case of water and soap/water 
solution, samples were immersed during the test to ensure 
good contact between the liquid and their surface.

Three different crosshead speeds were selected to produce 
nominal deformation rates of 0.006, 0.06 and 0.6  s−1 on the 
25 mm diameter specimens; for the 18 mm ones, only the 
intermediate speed was applied. The nominal deformation 
of the specimens is expressed through the stretch ratio 
� = L

/

L
0
 , with L and L0 being current and initial specimen 

height, respectively. It was calculated from the crosshead 
displacement after applying a correction for the compliance 
of the testing machine setup, which had been previously cali-
brated. The calibration procedure involved placing the com-
pression platens directly in contact with increasing normal 
load, and recording the associated crosshead displacement. 
All tests were run down to � = 0.6 , with corresponding 
maximum loads ranging between 2 and 30 kN. A preload of 
35 N was applied before each test to establish consistent 
contact conditions for all the specimens; this preload is neg-
ligible compared to actual loads recorded during the tests 
which were in the kN range. Three replicates were tested for 
each condition (material/diameter/lubrication/speed).

4  Theoretical background

The stress state in a rubber block during a compression 
test may differ substantially from ideal, uniaxial conditions 
because of a combination of high friction and compliance 
[35]. Friction at the interface prevents the block from prop-
erly expanding outwards. Under equilibrium conditions, a 
pressure gradient is generated, working against the expan-
sion of the block, which adds to the stresses arising from 
and ideal (i.e., frictionless) compression. As a consequence, 
the apparent modulus measured in frictional compression 
exceeds the actual, “true” material’s one; the difference 
becomes large for high friction coefficients and unfavorable 
aspect ratios (wide, thin blocks).

The problem of this artificial stiffening was addressed in 
reference [36], in which Gent and coworkers adapted a previ-
ous solution developed for bonded blocks [37]. Its derivation 
is based on the assumption of a linear elastic, incompressible 
material behaviour. The solution is valid for aspect ratios a/h 
higher than 1, with a being the block radius and h its thick-
ness (see Fig. 3). With the inclusion of friction, outward slip-
ping must be considered, depending on the actual value of 
the coefficient of friction, μ. The model does not make any 
distinction between static and dynamic friction conditions, 
which could be selected depending on the specific applica-
tion. More details can be found in the Online Resource.

The main result of the analysis is the compressive force, 
F, needed for the deformation of the sample:

where R
1
 represents the radial distance r

1
 at which the onset 

of slippage occurs, normalized with respect to a. Its value 
depends only on the aspect ratio and friction coefficient, and 
it can be determined from the following implicit relation:

(1)
F

�a2Ee
=

[

R
4

1
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2
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+
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Fig. 2  Results of a friction test on a specimen of material F4 with 
no lubrication at 100 mm/min. The shaded area indicates the region 
where the mean force was calculated to evaluate the friction coeffi-
cient, equal to 1.55 in this case
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The term �a2Ee in Eq. 1 represents the contribution to 
the total force arising from the homogeneous compression. 
Hence, the right-hand side of Eq. 1 is the ratio of the appar-
ent modulus (as measured during the compression test), Ea, 
to the true modulus of the material, E. The solution is valid 
for a/h ratio greater than unity, a condition which is satisfied 
for all the specimens tested during the present work.

5  Results

Test results are presented in a similar manner for both types 
(friction and compression): a comparison of the results 
obtained on the different materials/lubrication conditions is 
given first, followed by an analysis focused on the effect of 
speed/rate.

5.1  Friction tests

The raw force/displacement curves are reported in Fig. 4 for 
all materials and conditions; a comparison of the coefficient 
of friction values calculated for all the data at the common 
sliding speed of 10 mm/min is shown in Fig. 5. The different 
lubrication conditions considered display a trend common 
to all three materials, with friction forces decreasing in the 
following order: Steel → PTFE → Water → PTFE + soap 
→ Soap. In particular, the forces measured on the dry steel 

(2)
r
1

�h
= e

2�(a−r1)
h

surface are much higher than the rest; moreover, a marked 
stick–slip behavior is reported, especially at high speeds. 
The introduction of a PTFE sheet to act as a solid lubricant 
is somewhat effective in reducing friction, with values of μ 
which more than halved. Adding a liquid lubricant (water 
with and without soap) further reduces the measured forces.

When the most effective lubricant tested (soap + water) 
was applied, the μ values observed on steel were lower than 
those on PTFE. In fact, roughness may play an important 
role in this case, since the polished steel surface is smoother 
than that of the skived PTFE film. A lower roughness may 
prove beneficial once the lubrication is applied (despite the 
inherently stickier nature of the parent dry surface).

Finally, the effect of sliding speed is highlighted in the 
graph of Fig. 6, for the three surfaces on which tests were 
performed also at 1 and 100 mm/min. The velocity seems 
to have only a minor effect, with a slightly increasing trend 
observed for most conditions as this parameter is increased. 
The only exception are the data obtained at 100 mm/min on 
dry steel for the two finishing layers.

5.2  Compression tests

A comparison of the results obtained on all available com-
binations of material, lubrication and specimen diameter is 
presented in Fig. 7 for the compression tests at the inter-
mediate stretch rate of 0.06  s−1. The same trend observed 
in friction tests is confirmed, with stress values decreasing 
when moving from dry steel surfaces to soap lubricated 
ones. As expected, the response of the larger 25 mm diam-
eter specimens is somewhat stiffer, because of the higher 
contact surface corresponding to their aspect ratio. Even the 
use of solid lubricant (PTFE) during compression testing of 
this type of rubber samples (with unfavorable aspect ratio 
and high friction) is not enough to avoid a large overestima-
tion of the material stiffness. Another observation is that the 
condition producing the lowest friction values (Soap) also 
gives the most consistent results over the whole range of 
specimen material and size.

The next series of graphs is focused on data from 25 mm 
diameter specimens and three very different lubrication con-
ditions: dry steel, dry PTFE and PTFE + water/soap solution. 
The data reported in Fig. 8 highlights the marked influence 
of testing rate on the mechanical response of the rubber sam-
ples. The effect of velocity may in principle arise from two 
independent phenomena: the inherent viscoelasticity of the 
materials and the rate dependence of friction. Yet, the former 
appears to be predominant, with an increase of the appar-
ent stiffness which would not be justified according to the 
moderate sensitivity to speed reported in Fig. 6.

Fig. 3  Sketch of a section of a rubber block: in the left side, the rub-
ber is undeformed, while in the right side is compressed; r represents 
the radial distance, u the slippage region and k the outward displace-
ment
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Fig. 4  Force vs. displacement 
data from friction tests for the 
different combinations of mate-
rial, sliding speed and lubrica-
tion condition
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6  Discussion

While a region with a mostly steady-state regime could 
still be identified even on dry steel, the validity of these 
results would require additional confirmation. In particu-
lar, proper contact conditions (across the whole sample 
surface) must be verified and the presence of oscillations 
in the system should be excluded. The rubbery high-fric-
tion surface of relatively large, thin specimens affects the 

stress state during the tests. An artificial stiffening of the 
mechanical response is observed, which would provide a 
large overestimation of the stress-stretch response of the 
constituent materials. Use of a dry solid lubricant (PTFE 
film) is insufficient but also in presence of a water/soap 
mixture the friction coefficient is not negligible, with 
estimated values around 0.1–0.2. Such a level of fric-
tion is observed irrespective of the nature of the substrate 
employed, whether it is dry steel or again a PTFE film 
placed on it. Actually, data suggest that once good lubri-
cation is applied, other factors may play a more impor-
tant role (e.g., the surface roughness). Investigating the 
effect of the surface topography is however well outside 
the scope of the present study. The aim is not to correlate 
actual friction levels with surface properties, while to cor-
rectly account for it during mechanical characterization.

The aim of the experimental characterization in com-
pression is to provide data which represent the intrinsic 
behaviour of constituent material. The issue of friction 
prevents direct access to this intrinsic constitutive behav-
ior, and moreover the material parameters which could be 
identified from the data depend on specimen geometry via 
their aspect ratio. While in principle the stiffening effect 
of friction could be further reduced, its suppression to 
negligible levels would be hardly feasible and probably 
impractical, in terms of the additional complexity required 
during testing.

A possible solution is given by the application of the 
Gent model presented in the Theoretical background sec-
tion. Building on the experimental direct measurements 
of the friction coefficients corresponding to each relevant 
condition of material/lubrication/speed, the model can be 
applied to compression data to extrapolate virtual “fric-
tionless” curves, representing the true material behavior. 
Any identification procedure aimed at obtaining relevant 
material constitutive parameters will then be applied on 
the frictionless data, and used in conjunction with numeri-
cal models in which friction is explicitly reintroduced in a 
subsequent stage, according to the actual conditions which 
the simulations aim to reproduce.

To validate the applicability of the proposed approach, 
the following procedure was developed:

 I. A single lubrication condition was selected as the 
reference one; in the present case, the choice fell on 
the one which exhibited the lowest friction values 
(water/soap mix on steel).

 II. For such a reference condition, the stress ratio pre-
dicted from Eq. 1 was assumed to be valid, and the 
corresponding frictionless curve was obtained by 
applying this ratio to the mean experimental stress 
(from the three replicates), for each stretch value, λ.

Fig. 5  Calculated coefficient of friction, μ, for the various combi-
nations of material and lubrication. Mean values from the tests at 
10 mm/min are reported, with the error bars representing the related 
standard deviation

Fig. 6  Coefficient of friction, μ, as a function of the sliding speed for 
the three materials under study and three different lubrication condi-
tions. Data points and error bars represent mean and standard devia-
tion of relevant data
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 III. For the other lubrication conditions, the ratio of the 
mean stress over the frictionless stress was calculated 
at each λ.

 IV. Mean and standard deviation values of these ratios 
over the whole range of λ were calculated and plotted 
as a function of the coefficient of friction, as meas-
ured via relevant friction tests performed in the same 
lubrication condition.

The method was applied to the three materials, con-
sidering both datasets (18 and 25 mm diameter) and the 
intermediate rate of 0.06  s−1, for which the broadest set of 
conditions was investigated. The outcome of the analysis 
is plotted in Fig. 9, compared with the analytical predic-
tion offered by the Gent model (Eq. 1). Obviously, for each 
diameter the data points corresponding to the reference 

condition (one for each of the three materials) collapse on 
the analytical curve.

For values of μ smaller than 0.4 (typical of lubricated 
conditions), there is a good agreement between the experi-
mental data and the model. As μ increases, the latter appears 
to overestimate the actual stiffness measured during the tests. 
This trend is evident in the case of dry PTFE, where a higher 
data dispersion when averaging over the different λ values 
is also visible for the larger diameter. In the case of dry 
steel (for which data is available only on 25 mm samples), 
μ values lie between 1.5 and 2, and the model prediction is 
inaccurate. However, as mentioned in Sect. 5.1, reported 
experimental issues may have compromised the accuracy of 
the original data. Moreover, the roughness of the compres-
sion plates differs from that of the plate used during friction 
tests. A further element which may contribute to the reported 

Fig. 7  Nominal stress vs. stretch 
data from compression tests at 
the intermediate stretch rate of 
0.06  s−1, for all materials and 
applied lubrication conditions 
and both sample diameters (18 
and 25 mm). Stress values are 
negative and stretch is less than 
unity because of the compres-
sion state (curves originate 
from (1;0). Frictionless curves 
generated by applying the cor-
rection proposed by Gent [37] 
to data obtained using the Soap 
configuration, as according to 
the procedure detailed in Sect. 6
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mismatch is the widely different levels of contact pressure 
between the two types of tests. The difference exceeds an 
order of magnitude, and the real contact area can be influ-
enced, especially for higher friction coefficients. For these 
reasons, we excluded data on unlubricated surfaces from 
our analysis, which explains why tests on 18 mm diameter 
samples were not performed on dry steel. The frictionless 
over friction ratio was considered as a relevant parameter 
for lubricated surfaces. The mean error between analytical 
predictions and experimental measurements goes from about 
10% to 20% for 18 mm and 25 mm diameter, respectively.

Still, the agreement between model and experiments for 
lower values of μ confirms the validity of the proposed pro-
cedure. Equation 1 can well describe the influence of friction 
on the apparent stiffness measured during a compression 
test, irrespective of the specific material tested and specimen 
dimensions. It is therefore possible to take the frictionless 

curves built during step II of the proposed procedure, and 
assume them as representative of the sought intrinsic mate-
rial behaviour; they are presented as dashed lines in Fig. 7. 
They could then be employed even if the field conditions 
differ from those of the original compression tests, provided 
the correct geometry and friction values are considered in 
the analysis. For example, they could be used to predict the 
behavior of rubber surfaces even at rates for which the fric-
tion coefficient could deviate from the values measured in 
quasi-static tests. One would only require to measure friction 
in the relevant conditions, and then include this information 
in a model which—thanks to the frictionless curves—pro-
vides a more accurate estimate of the true compressive prop-
erties of the material. The use of these frictionless curves to 
model the mechanical behaviour of sports surfaces will be 

Fig. 8  Effect of speed on the compressive behavior on the three investigated materials for 25 mm diameter specimens and three selected lubrica-
tion conditions (dry steel, dry PTFE and PTFE + soap/water mix)
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the subject of another research paper, focused on the finite 
element modelling aspects.

The proposed approach worked for values of μ below 
unity: this limitation is not related to any limitation pre-
sent in the Gent model. It is rather a consequence of the 
difficulty of correctly evaluating friction values with our 
setup, in a way which is consistent with the actual condi-
tions applied during compression testing.

7  Conclusions

The present investigation addresses the problem of identify-
ing the mechanical behaviour of rubbers from compression 
tests, performed on specimens having unfavorable geometry. 
The reported friction data displays large variations of the 
measured coefficient of friction, with values ranging from 
0.1 to 1.8. These fluctuations in the level of friction expe-
rienced by flat compression specimens produce a dramatic 
effect on their apparent mechanical properties, and induce 
a strong dependence on specimen geometry. The proposed 
solution is to apply the analytical model proposed by Gent 
to describe the apparent stiffening effect induced by fric-
tion. The results obtained support the validity of the model 
within a relatively broad range of conditions (in terms of 
materials, friction levels and aspect ratio). The procedure 
allows the creation of virtual “frictionless” curves by rescal-
ing experimental data for the stiffening factor predicted by 
Gent model. These curves represent the intrinsic behavior of 
the material, as could be determined by an ideal experiment 
in which friction was completely suppressed. They can be 
used as a reliable input to describe the rubber behaviour in 
numerical models developed for various applications.
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tary material available at https:// doi. org/ 10. 1007/ s12283- 024- 00471-7.
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